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INTRODUCTION 
Interest in the physics and chemistry of coal extracts has extended for over 100 

years. Early on it was recognized that pyridine was a particularly good solvent capable of 
extracting a significant weight percent of intermediate rank coals. Many of the current 
theories regarding the macromolecular s m c t m  of coals (type I11 kerogens) are based on 
the fact that there exists a physically &finable limit in the exlmXabihty of soluble orgarucs 
from coal in pyridine'. The non-extractable residue is generally considered to be a cross- 
l i e d  macromolecular network'. The extract-solvent "solutions". although acknowledged 
to be far from ideal (thermodynamically), are presumed to be "molecular solutions" in the 
sense. that random mixing of the constituents occurs within a single solution phase3. 

Recently, a number of investigations have challanged this established model of coal 
Structwe. In particular, studies by Iino and colleague~~psing mixed solvent systems 
(most notably, a n-methyl-2-pplidinone (NMP) mixture with CSz ), have demonstrated 
increases in extractabilities of mort than twice tha! by pyridine in the case. of some coals4. 
These results suggest that either there exists a set of non-covalent interactions unperturbed 
by pyridine but disrupted by the mixed solvents or that the mixed solvents are degrading 
the network and enhancing the extraction yiclds through some, as yet unknown, chemical 
reaction. 

In the present work we set out to characterize the solution suuctures of coal extracts 
to gain insight on the nature. of coal-solvent interactions. The characterization of solution 
structures of dilute mixtures of macromolecules in various solvents is readily attainable 
using small angle neutron scattering'.". n e  theay of small angle scattering is well 
established and the method has teen used by many researchers for the purpose of 
elucidating the configurational state of polymers in solution6, the snucture of asphaltenes 
in apolar solvents'-'', the study of proteins", as well as dilute coal extract "solutions"*""' 

Neutron wanering is particularly useful in revealing the spatial characteristics of 
snuctures composed of low atomic numbex (2) elements. This is due to the fact that 
neutrons, uncharged and with spin (I) = lR, interact with a given element through their 
respective angular momenta The magnitude of this interaction has no conelation with Z. 
X-rays, on the other hand, interact with the electronic shell surrounding the nuclei and the 
magnitude of the coherent scattering amplitude varies as a strong function of Z Although 
lighter elements are nearly "invisible" to X-rays, the unique nature. of the interaction of the 
neutron with spin (I) > 0 nuclei results in the coherent scattering cross-section of low Z 
elements being similar in magnitude to that of many-of the. higher Z elements16; e.g. 
deuterons scatter neutrons as efficiently as gold. 

In the following the results of small angle neutron scattering (SANS) experiments 
are described in reference to assessing the solution smture. of solvent e x m t  "solutions" 
from a number of coals. The goal of this study is to identify features or charactaistics of 
the mixtures which may highlight the mechanism behind the exceptional solvating 
capabilities of the mixed solvents as compared with other polar solvents such as pyridine. 
For the present study we chose a lignite (APCS No. 8). a sub bituminous C rank coal 
(APCS No. 2). a High volatile bituminous coal (APCS No. 3), and a medium volatile 
bituminous coal (APCS No. I) (see Table I). 

In addition to characterizing the solution smcture of the neat extracts, Gmethylated 
extracts were also studied. The purpose of Omethylation was to neuhalize the 
predominant interaction between coal and pyridine. The medium volatile. coal was not 0 
methylated. 

Solvent Extraction: In the case of pyridine extraction, appmximately 5 grams 
of 100 mesh coal was extracted with pyridine in a Soxhlet extraction apparatus for periods 
exceeding 24 hours, The extract was separared fium the solvent using mto-evaporation. 
The extractability of the Upper Frtepolt 0 coal in the mixed solvent (NMP/CS2) is over 
twice that in pyridine as is presented in Table I. Extraction of the Upper Fnepon coal 
(APCS NO. 1) with N M F Y C S ~  fouows the procedure of ~ i n o  et a1.4 with minor 
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modifications. Approximately 5 grams of 100 mesh APCS No. 1. was stirred in 150 ml of 
a 1:l mixture (by volume) of n-methyl-2-pymolidinone (NMP) and carbon disulfide (CS2) 
(mixed solvent, MS) for approximately 6 hours. The solvent extract was decanted and then 
centrifuged up to 14 K 'pm to sediment out any entrained solids. 

Throughout the paper below, the various soluble fractions from different coals are 
designated as presented in Table II. 

Small Angle Neutron Scattering: Solutions of the extracts (5 wt.% ) were 
prepand by mixing dry e x m t  with either of the per-deuterated solvents. This 
concenuation was selected to yield sufficient scanering intensity without inaoducing 
scattering intensity due to interparticle interactions. Revious work on the SANS behavior 
of coal exnact solutions in pyridine exhibited no dependence on scattering behavior with 
solvent concentration (at 1.5. and 10 wt. %) other than a linear increase. in incoherent and 
coherent scattering intensity with increasing wt. 46 of extractl(. 

Solutions were contained in Suprasil cylindrical cells with a 2 mm path length 
(volume = 0.7 ml) for the SANS analysis. S A N S  dam were measured at the Intense 
Pulsed Neutron Source of Argonne National Laboratory, using the Small Angle 
Diffractometer (SAD). This instrument uses pulsed neutrons derived from spallation with 
wavelengths in the range of 1-14 A and a fixed sample-todetector distance of 1.54 meters. 
The scattered neutrons are. measured using a 64 x 64 array of position sensitive, gas filed, 
20 x 20 cm2, proportional counters with the wavelengths measured by he-of-flight by 
binning the pulse to 67 constant Aut 4.05 time channels. The size range in a SANS 
experiment is consuained by both the geometry of the. insuument and the wavelength of 
the neutrons which determine the working range of momentum transfer Q, 

where e is half the Bragg scattering angle and Xis the wavelength of the neutrons. Given 
the characteristics of the SAD'7 at the. Intense Pulsed Neutron Source (IPNS), useful 
SANS data in the Q range of 0.006-0.25 A-' can be obtained in a single measurement. 
The reduced data for each sample is comted for the backgrounds from the instrument, the 
Suprasil cell, and the solvent as well as for detector nonlinearity. Data are presented on an 
absolute scale by using the known scattering cross-section of a silica gel sample. The 
absolute cross-section for this sample has been measured at the. SANS insmment at 
ORNL. Standard Guinier analysis in the region of QRg < 1.0 can be used to extract the 
radius of gyration, Rg and I(0) values by using the equation below. 

' 

KQ) = I(0)exp(-Qz R i L V  (2) 

Re is the root-meanquared distance of all of the atoms from the centroid of neutron 
scattering length density of the particle and I(0) is the absolute scattering cross-section at 
Q=O which is defmed as follows. 

I(0) = N, (p - p,)' Vz Q 

Here Np corresponds to the number density of particles, V is the volume of the particle, 
and p and ps are the scaaering length densities of the particle and the solvent, respectively. 
The absolute scattering data of the silica gel standard give Rg = 44.7 f 0.2 A and I(0) = 70 
cm-l. The magnitudes of Rg and I(0) for this sample are routinely measured in the same Q 
region and a ~ .  used to determine scale factors to place the scattering data on an absolute 
scale in units of cm". 

RESULTS 
SANS of Soluble Fractions in Organic Solvents: 

The SANS data, on an absolute scale, for each coal exnact in pyridined is 
presented in Figures 1-4, where the intensity of the scattered neutrons I(0) is ulotted 
a g m t  the magnitude of the momentum aansfer (Q; note that all of the plots-are log-log. 
The SANS data for IF-PySldPy, UF-MSIdPy and UF-MS/dM solutions on an absolute 
scale are presented in figure 5. 

The scatrering behavior of the lowest rank coal (APCS No. 8)  (Figure 1 )  exhibits 
power law scattering behavior in the low Q region; the power law exponent is 2.13 for the 
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unawed  extract and 2.29 for the 0-methylated. Similar behavior is observed for the sub 
bituminous extract (APCS No. 2) (Figure 2). with exponents of 1.79 and 2.46, for the 
wmated and Omethylated extracts, respectively. The high volatile C rank coal exhibits 
scattering behavior that is "bounded" at low Q for the un- extract, but exhibits power 
law SXtering at low Q in the 0-methylated case (d = 1.7)(figure 3). n e  medium volatile 
bituminous coal (APCS No. 1) exhibits scattering behavior that is remarkably similar to 
that of the (APCS No. 3) (Figure 4). 'Ihe scattering behavior of the medium volatile C d  
(APCS No. 1) in the mixed solvent (Figure 5 )  exhibits only incoherent scattering, i s .  t h m  
are no large swctures in this particular system. 
Discussion 

In a number of liquid-phase systems there exist random solution structures that 
exhibit scattering behavior resultin! from self similar or fractal topology. An elegant 
theory, formulated by Freltoft et al , accounts for power law scattering behavior, with d < 
3.0, to systems with mass fractal characteristics. Such solution structures are aggregates 
with structure factors governed by interparticle correlations which decay exponentionally 
from the center of the aggregate. Thus, changes in d, as seen in figures 1-3 reveal changes 
in the density of the mass fractal aggregates. 

In the case. of APCS No.s 3 and 1, in pyridine, aggregates also exist, however, 
they do not exhibit mass 6actal characteristics, rather they a ~ e  readily described using the 
Guinier approximation. Incidently, The remarkable similarity between the SANS behavior 
of the two extracts exhibited in Figure 4 strongly suggests that, in both the L-PyS/dPy and 
UF-PyS/dPy samples, the molecular aggregates are nearly identical in their chemical 
composition, size, shape., and number density. 

In complete contrast to the aforementioned results, the solution of mixed solvent 
solubles in NMP/CS2 (UF-MS/dM) exhibits virtually no coherent scattering intensity 
across the accessible Q range of the SAD. SANS analysis of the UF-MS/dM solution, 
therefore, reveals a well dispersed "molecular" solution of small particles. The fact that 
aggregation does not occur in UF-MS in NMP/CS2 indicates that the mixed solvent 
solvates the extractable molecules much more effectively than pyridine, a result which is 
clearly consistent with the observation of overall enhanced extractability. 

The presence of aggregated structures in solutions of coal extracts with pyridine is 
contradictory to the hypothesis that pyridine is an exceptionally good solvent for coal in a 
thermodynamic sense. Although, pyridine clearly exhibits a strong interation with acidic 
functional groups in coal, in the case of coal c x m t s ,  pyridine does not appear to have 
exceptional solvating capabilities. The clustering or aggregation, clearly evident in all of 
the pyridine solutions suggests that coal-pyridine interactions may not be sufficient to 
solvate all nonsovalently bound material in coal. This implies that the limits in 
exnactabdity may be the result of limits in pyridines solvating capability, rather than limits 
dictated by a covalently cross-linked, "infinite", macromolecular network. 
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Table I . .  . .  
Sample Rank -2)** %E(%)*** 
APCS No. 8 Lignite 73 4.8 20 0.8 NA 15.0 
APCS No. 2 Sub.bit 75 5.4 18 0.6 NA 29.0 
APCSN~. 3 HVC 78 5.0 14 4.8 NA 29.0 
APCS No. 1 mv 86 4.7 8 2.3 56.0 25.5 
*Dry ash €me basis 
**percent exaactable (wt.) in W I C S 2  
***percent exuactable (wt.) in pyridine 

Table II 
Sample Designations 

Sample: Lienite&ig) Sub.bitlSub) EvC Bit (HV) Med. Vol.MV1 

Pyridine Lig-pYSldPy* Sub-Pys/dPY HV-pYS/dPy MV-PySIdPy 
NMp/cs2 - MV-PyS/dM** 
* where F y S  - pyridine solubles, dPY-deuteropyridine 
** where dhl - perdeutero-n-methyl-pyrrolidinone and carbon disulfide 

m: %%%%erential SANS cross-section of APCS No. 8 pyridine exaact 5 % 
(wt.) in pyridine D5, Untreated (filled) and 0-methylated (unfilled). 

Figure 2: Absolute differential SANS cross-section of APCS No. 2 pyridine exaact 5 % 
(wt.) i n  pyridine D5, Untreated (filled) and 0-methylated (unfilled). 

Figure 3: Absolute differential SANS cross-section of APCS No. 3 pyridine exhact 5 % 
(wt.) in pyridine D5, Untreated (filed) and Ometbylated (unfilled). 

Figure 4 Absolute differential SANS cross-section of APCS No.1 pyridine exmct 5 % 
(wt.) dispersed in pyridine-D5 (tilled 0) and APCS #.3 pyridine e x a t  5 % (wt.) 
dispersed in pyridine-D5 (0). 

Figure 5: Absolute diffmntial SANS cross-section of APCS No.1 pyridine exaact 5 % 
(wt.) dispersed in pyridine-D5 (Square), APCS No. 1 pyridine extract 5 % (wt.) in 
NMPICSZ (filled 0)  APCS No. 1 W / C S 2  extract 5 % (wt.) in NMP-D9/CS2 ((0). 
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